Since its first discovery by two independent research groups in 2014, [1, 2] phosphorene has attracted interest for a wide range of applications such as transistors, [1, 2] supercapacitors, [3] batteries, [4] photocatalysis, [5] sensors [6] and solar cells [7] [8] [9] owing to its unique structure and fascinating properties. These properties include strong anisotropic transport, high ON/OFF ratio, excellent electron and hole mobility, and readily tunable bandgap values. [10] [11] [12] [13] Although excellent progress has been made in phosphorene research, there are very few reports available on electrocatalysis by phosphorene. [14] [15] [16] [17] What has been reported has focused on using phosphorene and/or few-layer black phosphorus (FL-BP) nanosheets as electrocatalysts for either the hydrogen evolution reaction (HER) [14, 15] or the oxygen evolution reaction (OER) [16, 17] . In addition, producing high quality phosphorene sheets via fast, efficient and simple production methods has been very challenging.
One of important applications of electrocatalysts is dye-sensitized solar cell (DSSC). [18] A typical DSSC is fabricated based on platinum (Pt) electrocatalyst, which serves an essential role in reducing I3 − to I − in the system. [19] Due to the high cost and scarcity of the Pt, finding alternative electrocatalysts to the conventional Pt is of great importance. Considerable progress has been made in developing Pt-free electrocatalysts for DSSCs. [20] [21] [22] Despite this, the search for novel and efficient alternatives to Pt in DSSCs is still a very active area of
research.
Here we demonstrate that FL-BP sheets produced using microwave (MW) assisted liquidphase exfoliation (LPE) can be used as efficient electrocatalysts to reduce I3 − to I − in DSSCs.
More importantly, our newly designed heteroelectrocatalyst (cobalt sulfide (CoSx) decorated nitrogen, sulfur co-doped carbon nanotubes (N, S-doped CNTs-CoSx)) coated with FL-BP sheets outperformed the expensive Pt, in terms of PV efficiency in DSSCs.
FL-BP sheets were synthesized according to the method discovered recently by our group using a MW-assisted LPE. [23, 24] Figure 1a depicts the UV-vis spectrum of our FL-BP solution, showing three main absorption peaks at 240, 300 and 370 nm. [23] Except our FL-BP solution, there has been no experimental work on solution processed FL-BP sheets showing these three strong and sharp peaks. Furthermore, as shown in Figure 1b , our FL-BP sample mainly consists of few-layer (> 4 layers) to multi-layer sheets and has relatively low yields of 1 to 3 layer flakes (see inset). It can be seen from Figure 1c that there was no shift in the Raman spectrum of the bulk BP after the MW-exfoliation. According to Favron et al. [26] , this was expected because the average layer number of our FL-BP sample is more than 4 layers. [23, 24] The transmission electron microscopy (TEM) image of our FL-BP reveals that the flake is very transparent, indicating it is an ultrathin FL-BP sheet ( Figure 1d ). The lattice spacing of our FL-BP sheet was measured to be 0.26 nm.
To explore the electrocatalytic properties of our FL-BP sheets, we designed a novel carbon based heteroelectrocatalyst, that is N, S-doped CNTs-CoSx. We note that our N, S-doped CNTs-CoSx was prepared based on a 1-step synthesis method. The synthesis details can be found in the Experimental Section (Supporting Information). Inspired by recent success of polydopamine (PDA) to produce efficient carbon based electrocatalysts, [27, 28] PDA was used as the N source to generate catalytically active N-doped carbon. The presence of each element (C, N, O, S and Co) in our N, S-doped CNTs-CoSx was confirmed by a combination of X-ray photoelectron spectroscopy (XPS) (Figure 2a) and Energy-dispersive X-ray spectroscopy (EDX) elemental mapping ( Figure 2d ). The successful heteroatom (S, N) doping of the CNTs was corroborated by the high-resolution XPS (C 1s, N 1s) (see Figure 2b and Figure S2 ). Moreover, it can be clearly seen from the TEM image (Figure 2c ) that the CoSx nanoparticles decorated the nanotubes. The CoSx nanoparticles had high crystallinity; and the lattice constant was measured to be 1.93 Å, corresponding to the (102) planes (see inset of Figure 2c ). [29] The successful decoration of the CoSx nanoparticles on the CNTs was further confirmed by EDX elemental mapping using the scanning TEM (STEM) Figure S3 ). DSSCs were fabricated using the three electrocatalysts, namely the control Pt, N, S-doped CNTs-CoSx without and coated with FL-BP sheets (Figure 3a) . Detailed PV parameters of these cells are summarized in Table S1 . The control Pt based device exhibited a PCE of up to 7.97%. Our newly designed heteroelectrcatalyst (N, S-doped CNTs-CoSx) based DSSC showed an efficiency of up to 7.75%, comparable to that of the Pt based cells. Interestingly, after coating FL-BP onto this heteroelectrocatalyst, the PCE of the device increased to 8.31%
outperforming cells using Pt.
Increased Jsc and FF values of the FL-BP@N, S-doped CNTs-CoSx were the major contributions to this PCE enhancement. A clear improvement in incident-photon-to-current conversion efficiency (IPCE) spectra across the entire wavelength range (from 400 to 700 nm) further confirms the Jsc enhancement of the cell after adding FL-BP (Figure 3b ).
Recently, Yang et al. [9] reported a significant increase in the Jsc of DSSCs by adding BP derivatives in the photocathodes and attributed this Jsc enhancement to the NIR light absorption of the BP. However, no change in the IPCE spectra in NIR region (800-1100 nm)
after adding FL-BP sheets was observed in our study (see inset of Figure 3b ). Indeed, we observed slight improvement in the IPCE spectra of the device at wavelengths between 550-700 nm ( Figure S4 ).
We further studied the electrocatalytic activity of our electrocatalysts for triiodide reduction reaction using cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS).
The peak separation between the anodic and cathodic peaks (Epp) is the main parameter to evaluate the electrocatalytic activity and can be calculated from the CV measurements (Figure 3c ). The low Epp indicates high catalytic activity. [27] Surprisingly, the Epp of the N, Sdoped CNTs-CoSx was reduced from 0.196 V to 0.173 V after introducing FL-BP sheets,
indicating that the addition of FL-BP improved the electrocatalytic activity. This Epp value was significantly lower than that of the Pt electrocatalyst (0.405 V).
A typical Nyquist plot for Pt electrodes shows two semicircles. The one at lower frequency is associated with the Nernst diffusion impedance (ZN) corresponding to diffusion of electrolytes, while the other at higher frequency can be related to the charge transfer resistance (Rct) originating from the interface between electrocatalyst and electrolyte. [22, 27] Unlike Pt electrodes, carbonaceous electrodes exhibit an extra semicircle originating from the secondary Nernst diffusion impedance caused by the diffusion through pores (Zpore). [22, 27] From EIS measurements, the FL-BP coated heteroelectrocatalyst exhibited the smallest Rct value (5.47 Ω), which was lower than that of the N, S-doped CNTs-CoSx (7.87 Ω) and even Pt (6.66 Ω) (Figure 3d ). Importantly, our FL-BP@N, S-doped CNTs-CoSx showed excellent electrochemical stability in liquid iodide electrolyte with very little change observed over 25
cycles. (Figure S5 ). To attempt to explain our observed improved electrocatalytic activity using FL-BP, we performed density functional-theory (DFT) calculations. To evaluate the electrocatalytic activity of the materials for triiodide reduction (Figure 4) , calculating the adsorption energy of the I atom on phosphorene is of great importance. [30] The following equation was used to calculate the adsorption energy:
where, − is the total energy of the phosphorene surface with an adsorbed I atom, 2 is the total energy of the I2 molecule, and is the total energy of the pristine phosphorene surface.
The calculated Ead of the I atom on phosphorene surface was 0.24 eV, which is small enough to avoid the termination of the reaction that might take place when the I atom binds strongly to phosphorene. Dissociative adsorption of I2 on the phosphorene surface provides a ready path to the production of I -given the relatively low adsorption energy of I on the substrate. In summary, we investigated the electrocatalytic properties of FL-BP sheets produced using a simple and fast MW-assisted LPE method in DSSC systems. To probe the electrocatalytic activity of our FL-BP sheets for the triiodide reduction in DSSCs, we also designed a new class of heteroelectrocatalyst (N, S-doped CNTs-CoSx). We found based on our experimental results and theoretical calculations the FL-BP sheets show promising electrocatalytic activity toward the reduction of triiodide electrolyte for DSSCs as well as excellent electrochemical stability. The device fabricated with our FL-BP@N, S-doped CNTs-CoSx heteroelectrocatalyst displayed a PCE of 8.31% which was higher than that of the control Pt based cells. We anticipate that this work will open a window for integrating 2D phosphorene as efficient electrocatalyst materials for various applications.
